DME hydrolysis to methanol is accelerated by the presence of acidic sites, and the methanol conversion to hydrogen proceeds relatively fast over copper-based catalysts. Since the equilibrium of DME hydrolysis seems to be shifted to the right due to methanol SR over copper-based catalysts, the catalytic activity of DME SR seems to mainly depend on the design of copper-based catalysts. In this work, different metal oxides were introduced into the copper-based catalyst, and their effects on the physical properties such as copper surface area, acidity and reducibility were investigated. The catalytic performances were analyzed mainly in terms of copper reducibility.
Introduction
One of prospective technology to produce hydrogen especially for fuel cells is the steam reforming (SR) of hydrocarbons such as natural gas, gasoline and methanol. Nowadays, DME SR has been studied for producing hydrogen by many researchers (Takeishi and Suzuki, 2004; Tanaka et al., 2005; Faungnawakij et al., 2006; Kawabata et al., 2006; Semelsberger et al., 2006) , because the physical properties of DME are similar to those of liquefied petroleum gases (LPG), and the infrastructure of LPG fuels can be readily used. Furthermore, there are no stringent requisites such as stable catalysts and refractory reactors due to normal reaction condition, and DME is not only non-toxic in nature but also non-carcinogenic. DME SR (CH 3 OCH 3 + 3H 2 O ↔ 6H 2 + 2CO 2 ) can be represented as a combination of hydrolysis of DME to methanol (CH 3 OCH 3 + H 2 O ↔ 2CH 3 OH) and methanol SR to hydrogen (2CH 3 OH + 2H 2 O ↔ 6H 2 + 2CO 2 ), together with reverse water gas shift (RWGS, CO 2 + H 2 ↔ CO + H 2 O) reaction, and therefore catalysts should be designed for each reaction step. Hydrolysis of DME to methanol is accelerated by the presence of acidic sites, and the methanol conversion to hydrogen proceeds relatively fast over copper-based catalysts. The equilibrium of DME hydrolysis seems to be shifted to the right due to consumption of product (CH 3 OH) by methanol SR over copper-based catalysts, and therefore the design of copper-based catalysts seem to contribute to improving the catalytic activity of DME SR. In this regard, many efforts to design the copperbased catalysts for DME SR have been made; copperbased catalysts with spinel structure (Tanaka et al., 2005) and Cu-Zn(or Pd)/Al 2 O 3 catalysts prepared by a sol-gel method (Takeishi and Suzuki, 2004) .
In this work, various binary mixed metal oxide catalysts with different copper concentration were prepared by co-precipitation, and their physical properties such as copper surface area, acidity and reducibility were characterized. The hybrid catalysts prepared by physically mixing the binary copper-based catalysts and γ -Al 2 O 3 were tested for DME SR. The catalytic performances were analyzed mainly in terms of copper reducibility.
Experimental
Binary copper-based mixed metal oxide catalysts were prepared by a co-precipitation method of the corresponding metal nitrates. The metal nitrate solution was added dropwise into a solution of 1 M NaOH at 80 • C and a pH of 11. The precipitate was aged for 1 h, filtered, washed, dried, and calcined at 350 The BET surface area of the prepared catalysts was measured by nitrogen adsorption method at liquid nitrogen temperature using ASAP 2000 (Micromeritics Inc.).
Cu surface area of the prepared catalysts was measured by nitrous oxide (N 2 O) titration (Chinchen et al., 1987) . The catalyst was reduced in a 5% H 2 balanced with Ar at 240 • C until water evolution was not observed further by mass spectrometry. The reduced material was cooled to 60 • C under a flow of He until all H 2 had been swept from the system, and a flow of He was replaced by that of 2.5% N 2 O balanced with He. The exposed Cu surface of the pre-reduced catalyst was oxidized with reactive N 2 O (2Cu + N 2 O ← Cu 2 O + N 2 ). The delayed N 2 O front caused by the decomposition of N 2 O on the exposed Cu surface was monitored using mass spectrometer (QMS200M3, Pfeiffer Vacuum GmbH). Then, the Cu surface area was calculated with the assumption of a molar stoichiometry of N 2 O/Cu = 0.5 and an average value of 1.46 × 10 19 Cu atoms/m 2 for the surface density of copper metal (Dell et al., 1953) .
The acidity of γ -Al 2 O 3 and copper-based catalysts was analyzed by temperature programmed desorption (TPD) of NH 3 with Pulse Chemisorb 2705 (Micromeritics Inc.). The samples were pretreated at 500 • C with He flow for 2 h. After cooling to 100 • C, adsorption of NH 3 was carried out by pulse injection. When adsorption saturation was achieved, the samples were heated at a rate of 5 • C/min from 100 to 600 • C, and the TCD signal was recorded.
Temperature programmed reduction (TPR) of the hybrid catalysts was carried out using 5% H 2 /95% Ar gas mixture. The catalysts were pretreated with He at 300 • C for 1 h. The H 2 consumption was recorded with TCD cell while the sample was linearly heated from 50 to 700 • C at 10 • C/min.
Powder-X-ray diffraction patterns of the prepared catalysts were obtained with D/MAX-III diffractometer (Rigaku Corp.) using monochromic CuKα (λ = 0.1506 nm) radiation.
In order to study the chemical composition and oxidation state of catalyst surface, X-ray photoelectron spectra (XPS) of copper-based catalysts were obtained with EXCA 2000 (VG Scientific Inc.) equipped with a Mg Kα X-ray source (hν = 1253.6 eV). The binding energy was adjusted to the C1s peak at 284.6 eV which existed in all measurements. DME SR was conducted using a conventional microflow reactor at an atmospheric pressure over the temperature range from 250 to 500 • C. All the catalysts were reduced at 250 • C for 1 h with a flow of hydrogen (10%) in argon prior to the reaction. The feed mixture of DME, steam and Ar was introduced into the microreactor at a space velocity of 24000 mL·g −1 cat ·h −1 . The mole ratio of H 2 O/DME was chosen at 3, 4 or 5. The concentrations of reaction mixture were measured with gas chromatography with a thermal conductivity detector (TCD), methanizer and a flame ionization detector (FID) in series. XRD patterns of hybrid catalysts before and after reaction were shown in Figure 2 . Before reaction copper oxide peaks were observed in all catalysts. After reaction clear and sharp copper metal peaks appeared, since copper oxide was reduced to copper metal. Table 1 shows the BET and Cu surface area of various catalysts. In the case of CuO/Ga 2 O 3 , CuO/Fe 2 O 3 and CuO/MnO with better performance of DME SR, higher Cu surface area was observed. CuO/ZrO 2 with the lowest Cu surface area showed lower DME conversion, lower H 2 yield and higher methanol selectivity.
NH 3 -TPD profiles (Figure 3) showed that CuO/Ga 2 O 3 had large amount of acidic sites. Although CuO/ZnO with better performance of DME SR had the smallest amount of acidic sites, CuO/ZrO 2 with poor activity had the enough amount of acidic sites. The acidity of hybrid catalysts for DME hydrolysis was mainly determined by that of solid acid catalysts, and therefore that of copper-based catalysts seems to be not a significant factor. Figure 4 shows the TPR profiles of hybrid catalysts. The hybrid catalysts of Cu/ZnO/Al 2 O 3 , CuO/Ga 2 O 3 and CuO/ZnO show an H 2 uptake at the lowest temperature, and the next lowest temperature is for CuO/MnO. The amount of H 2 uptake for Cu/ZnO/Al 2 O 3 is smaller, and that for CuO/MnO was larger than that for CuO/Ga 2 O 3 and CuO/ZnO. H 2 uptake peaks of CuO/Fe 2 O 3 , were observed at both lower and higher temperature, and those of CuO/ZrO 2 were observed at higher temperature. The catalysts with enough amount of H 2 uptake at lower temperature, i.e., CuO/Ga 2 O 3 , CuO/ZnO, CuO/Fe 2 O 3 and s214 CuO/MnO, show better performance of DME SR, and CuO/ZrO 2 with poor reducibility shows poor activity of DME SR. Surface reducibility of hybrid catalysts seem to be a dominant factor affecting the activity of DME SR.
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To investigate the oxidation state of the catalysts surface, XPS of CuO/M x O y (60:40) was observed as shown in Figure 5 . All the samples showed a broad and convoluted XPS band (Cu 2p 3/2 ) around 934 eV, along with a shake-up satellite associated with Cu(II) (Moulder et al., 1992; Auroux et al., 1999; Bennici et al., 2006) . The XPS band around 934 eV could be decomposed into two main contributions, one around 933 eV and the other at 935 eV as shown in Figure 5 and Table 2 . The existence of the lower energy contribution (typical of Cu(I) and/or Cu(0) species) corresponds mainly to the reduction of Cu(II) by X-ray beam. In the case of CuO/ZrO 2 with poor performance of DME SR, the intensity of the band assigned to reduced copper was lower, and CuO/Ga 2 O 3 , 933.4 (76) 935.3 (24) 76 (Al), 1023(Zn) 529.5 0.6 * Relative intensity of the component; * * Intensity ratio of the satellite to the primary peak of the Cu 2p 3/2 for Cu(II) Fig. 6 (a) DME conversion and (b) H 2 yield of DME steam reforming over hybrid catalysts of CuO/Ga 2 O 3 with different copper molar ratio CuO/ZnO, and CuO/MnO with better activity of DME SR had higher intensity of the band. Indeed, the catalysts with higher proportion of the corresponding band to reduced copper seem to show better catalytic performance for DME SR. Cu/ZnO/Al 2 O 3 with higher intensity for the reduced copper showed rather lower activity for DME SR due to smaller amount of H 2 uptake as shown in Figure  4 . Although the proportion of the band at 933.1 eV for CuO/Fe 3 O 4 was not higher due to two kinds of reduction profile (Figure 4 ), better activity of DME SR was observed because of higher Cu surface area and enough an amount of acidic sites. CuO/Al 2 O 3 and CuO/Cr 2 O 3 with lower Cu surface area (Table 1 ) and poor reducibility ( Figure 4 ) showed lower activities of DME SR, regardless of the band proportion for reduced copper. The CuO/Al 2 O 3 and CuO/Cr 2 O 3 show higher I sat /I pp (satellite/main peak ratio), which is usually observed in a normal spinel structure (Patterson et al., 1976; Severino et al., 1998) , as evidenced in XRD patterns of CuO/Cr 2 O 3 in Figure 2 . In the case of copper-based catalysts with high I sat /I pp , there is no obvious correlation between band proportion for reduced copper and catalytic activ- ity of DME SR. 2.2 DME steam reforming over hybrid catalysts of CuO/Ga 2 O 3 with different copper molar ratio Since CuO/Ga 2 O 3 has better physical properties such as Cu surface area, amount of acidic sites and reducibility, the effect of copper concentration on DME SR over hybrid catalyst of CuO/Ga 2 O 3 was investigated as shown in Figure 6 . Although the activity of DME SR increased with the contents of CuO, CuO/Ga 2 O 3 (60:40) showed similar activity to CuO/Ga 2 O 3 (70:30). Cu surface area of various CuO/Ga 2 O 3 catalysts was showed s216 JOURNAL OF CHEMICAL ENGINEERING OF JAPAN Figure 7 . TPR profiles (Figure 8 ) of hybrid catalysts showed that although the amount of H 2 uptake increased with copper concentration, H 2 uptake peak of CuO/Ga 2 O 3 (60:40) was observed at the lowest temperature. The XPS band around 934 eV could be decomposed into two main contributions, one around 933 eV and the other at 935 eV as shown in Figure 9 and Table 4. In the case of CuO/Ga 2 O 3 (50:50) with poor performance of DME SR, the intensity of the band assigned to reduced copper was the lowest, and CuO/Ga 2 O 3 (60:40) with better activity of DME SR has the highest intensity of the band. Indeed, the activity of DME SR seems to increase with the proportion of the corresponding band to reduced copper. In other words, the catalysts with more easily reducible copper on surface showed better catalytic performance for DME SR. The satellite/main peak ratio tends to be not influenced by copper concentration as shown in Table 4 . 
Conclusions
The DME steam reforming reaction was investigated with hybrid catalysts of binary copper based mixed oxide catalysts and γ -Al 2 O 3 . Among the hybrid catalysts with CuO:M x O y = 60:40, the one from CuO/Ga 2 O 3 and γ -Al 2 O 3 showed the best activity of DME SR due to higher Cu dispersion, larger amount of acidic sites and better reducibility. The activity of DME SR increased with the contents of CuO, but there seems to be an optimum copper content around CuO/Ga 2 O 3 = 60:40.
